The protective effect of melatonin against phenobarbital-induced oxidative stress in the rat liver was measured based on lipid peroxidation levels (malondialedyde and 4-hydroxyalkenals). Cellular proliferation, DNA synthesis and cell cycle duration were quantitated by the incorporation of 3 H-thymidine, detected by autoradiography, into newly synthesized DNA. Two experiments were carried out in this study, each on four equal-sized groups of male rats (control, melatonin [10 mg/kg], phenobabital [20 mg/kg] and phenobarbital plus melatonin). Experiment I was designed to study the proliferative activity and rate of DNA synthesis, and measure the levels of lipid peroxidation, while experiment II was for cell cycle time determination. Relative to the controls, the phenobarbital-treated rats showed a significant increase (P < 0.01) in the lipid peroxidation levels (30.7%), labelling index (69.4%) and rate of DNA synthesis (37.8%), and a decrease in the cell cycle time. Administering melatonin to the phenobarbital-treated rats significantly reduced (P < 0.01) the lipid peroxidation levels (23.5%), labelling index (38.2%) and rate of DNA synthesis (29.0%), and increased the cell cycle time. These results seem to indicate that the stimulatory effect of phenobarbital on the oxidized lipids, proliferative activity, kinetics of DNA synthesis and cell cycle time alteration in the liver may be one of the mechanisms by which the non-genotoxic mitogen induces its carcinogenic action. Furthermore, melatonin displayed powerful protection against the toxic effect of phenobarbital.
INTRODUCTION
Phenobarbital (PB) is a non-genotoxic barbiturate, used for many years as a liver tumor promoter in rodents [1] and an anti-epilepsy drug in humans [2] . The biochemical effects of PB are exceedingly pleotropic, being both context-and strain-dependent. In vivo, PB-mediated events do not occur uniformly throughout the liver, but are mainly restricted to the pericentral region of the liver lobules [3] and transient hyperplasia [4] . A typical response of hepatocytes to tumor promoters in vivo is an increase in S-phase DNA synthesis [3, 5] . Pericentral hypertrophy is maintained throughout the exposure period to PB. By contrast, DNA synthesis is transient, peaking after 3 days and returning to basal levels after one week [6] . Not surprisingly, chemicals that can induce gene mutations or gross chromosomal aberrations through direct interaction with the DNA commonly exhibit carcinogenic activity [7] . Mitogenic, non-genotoxic carcinogens induce tumors in rodents without interacting directly with the DNA. These agents are capable of inducing hyperplastic cell proliferation in the absence of necrosis [8] , and have also been shown to inhibit apoptotic cell death [9] . Genetic alterations are believed to be induced by oxidative stress and by spontaneous errors in DNA replication and repair during continual cell replication [8, 10] . Cell proliferation is one of many essential factors involved in non-genotoxic carcinogenesis [11] . There are 2 groups of chemicals that induce liver cell proliferation: with one, cell loss precedes cell proliferation, while with the other; there is no cell loss prior to hyperplasia [12] . The former group consists of a variety of necrogenic agents, including carbon tetrachloride and chloroform. The latter group consists of chemicals capable of inducing direct hyperplasia in the liver, and includes cyproterone acetate (CPA), nafenopin (NAF), phenobarbital (PB) and .-hexachlorocyclohexane (.-HCH). These agents, often called mitogens, overcome operating growth-controlling mechanisms. Liver mitogens, such as CPA, PB, NAF and .-HCH, inhibit apoptosis [13] . This disruption of the balance between cell proliferation and apoptosis may contribute to the mechanism of hepatocarcinogenesis, promoting tumors [9, 14] . PB has been observed to enhance the formation of reactive oxygen species (ROS) in neoplastic rat liver nodules [15, 16] . There is substantial evidence for the role of ROS in many of the effects of PB [17, 18] , possibly via the uncoupling of cytochrome P450 [19] . Previous studies [20, 21] have shown the involvement of ROS in many models of tumor promotion, which may in part be mediated by an influence on kinases in the signal transduction pathways triggered by epidermal growth factor [22, 23] . Previous findings suggest that melatonin, both at physiological and pharmacological levels [24, 25] , functions as an antioxidant and reduces oxidative damage in vivo. Melatonin has been tested for its efficacy in reducing biomolecular damage in a large range of experimental conditions where free radicals are believed to be involved [26] [27] [28] [29] [30] [31] . The beneficial effects of melatonin likely relate to its direct detoxification of free radicals, its indirect antioxidative actions, and its ability to preserve an efficient oxygen metabolism in the mitochondria, and possibly to other activities. These processes are facilitated by the ability of the indoleamine to be readily absorbed and to cross all morphophysiological borders and enter all parts of all cells. This study was designed to investigate whether this non-genotoxic chemical exerts its carcinogenic effect in part by oxidative stress-induced lipid peroxidation, cellular proliferation, DNA synthesis and/or cell cycle time alteration, and whether melatonin has any protective role against its action. Autoradiography was used for the quantitative determination of the proliferative activity, rate of DNA synthesis and cell cycle time.
MATERIAL AND METHODS

Animals
One hundred seventy two adult male Sprague-Dawley rats (average weight about 150 g) were purchased from the Assiut University Joint Animal Breeding for use in this study. All the rats were kept under the same laboratory conditions of temperature (22 ± 2ºC) and light (12:12 light:dark cycle) and were given free access to standard laboratory chow and tap water. The appropriate animal care committee of Assiut University approved the protocol of the experiment.
Chemicals
Sodium Phenobarbital was purchased from Aldrich Chemical, Inc. (Milwaukee, WI) and melatonin was donated by Helsinn Chemicals SA (Biasca, Switzerland). Tritiated thymidine, ([ 3 H]TdR, specific activity 6.7 Ci/mmol) was purchased from New England Nuclear (Boston, MA). Kodak NTB2 emulsion, Kodak D-19 developer and Kodak fixer were purchased from Eastman Kodak (Rochester, NY). An LPO-586 kit was purchased from Cayman Chemical (Ann Arbor, MI). All the other chemicals were of the highest quality available. Melatonin was dissolved in a small amount of ethanol before being diluted with saline solution. The final concentration of ethanol in the melatonin solution was < 1%. PB was dissolved in distilled water.
Experimental design
Experiment I
This experiment was designed to study proliferative activity and the rate of DNA synthesis and measure the levels of lipid peroxidation. The animals were divided into 4 groups of 7 rats each. The first group served as a control and was subcutaneously given the vehicle alone (0.9% NaCl solution containing 0.5% ethanol). The second group was subcutaneously given melatonin (10 mg/kg). The third group was subcutaneously given PB (20 mg/kg). The fourth group was given a similar dose of PB, injected 30 minutes after a subcutaneous injection of melatonin (10 mg/kg). The administrations were repeated daily for 21 days 2 hours before lights out.
Experiment II
This experiment was designed to study the cell cycle durations. A total of 144 rats were used in this experiment. The animals were divided into 4 groups of 48 rats each, and treated as in experiment I. To obtain the percentage of labeled mitosis and the cell cycle durations, 3 rats from each group were killed at intervals of 6 h over a 72 h period (6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66 and 72 h).
Autoradiographic studies of the cell cycle phases
The durations of the cell cycle phases were calculated according to Sadava [33] . Twenty four hours after the last treatments, the remaining rats in all the groups were given a subcutaneous injection of 1 µCi/gm b.w tritiated thymidine ( 3 H-methyl thymidine). The animals were killed 2 h after the injection of the radioactive precursor for the estimation of the proliferative activity and the rate of DNA synthesis and at intervals for calculation of the cell cycle durations.
Portions from the liver were fixed in 10% neutral buffered formalin and 5-µm thick paraffin sections were prepared. The deparaffinized sections were dipped in Kodak NTB2 emulsion (diluted 1:1 with distilled water) and kept for 18 days in the dark at 4ºC. Thereafter, they were developed in Kodak D-19 developer for 3 min and fixed in Kodak fixer for 5 min at 15ºC. All the developed autoradiographs were stained with Harris's haematoxylin and eosin. A cell was scored as being labelled when it showed 5 or more grains over its nucleus.
Quantitation of autoradiographs
A total of 10,000 hepatocytes were counted in the liver parenchyma. The 3 H-labelling index (LI) was expressed as the percentage of hepatocytes that were labelled. The grain count per labelled nucleus (GC/N) was evaluated by dividing the total number of silver grains over the labelled nuclei by the total number of labelled cells. The LI and GC/N respectively represent the kinetics of proliferation and the rate of DNA synthesis [32] .
Measurement of lipid peroxidation
Malondialdehyde (MDA) and 4-hydroxyalkenal (4-HDA) concentrations are considered to be an index of the lipid peroxidation. The colorimetric kit mentioned above was used to determine the levels of oxidized lipids. Just prior to the assay, liver samples were homogenized in ice-cold 50 mM Tris buffer (pH 7.4, 10% w/v) using an ultra-Turrax T25b homogenizer. Supernatants were prepared by centrifugation at 10,000 g for 10 min; these were used to measure the MDA and 4-HDA levels. Protein levels were measured using bovine albumin as the standard.
Statistical analysis
The data is presented as the arithmetic means ± SEM. Statistical analyses were performed using an analysis of variance (ANOVA) followed by the StudentNewman-Keuls t-test. P < 0.05 was considered significant. The percentage inhibition or stimulation was calculated from the mean values of the oxidized lipid levels, labelling index and grain count.
RESULTS
The level of lipid peroxidation (LPO) in the liver homogenates of rats that received vehicle injection alone (control) was 0.62 ± 0.01 (Fig. 1) . Melatonin by itself did not change the basal level of LPO, yielding 0.61 ± 0.01. In PB-treated rats, the level of liver LPO was increased to 0.90 ± 0.03. This increase was greater than 31% and statistically significant (P < 0.01) relative to the values for the control animals. In the PB plus melatonin group, the level of LPO was reduced to 0.69 ± 0.01. This reduction was 24% and statistically significant (P < 0.01) relative to the values for the PB-treated animals. Thus, the administration of melatonin in combination with PB significantly inhibited the lipid damage caused by PB. The distribution of labelled hepatocytes and the number of grains over the labelled nuclei in the livers of the control, melatonin, PB and PB plus melatonin animals are shown in Fig. 2 . The quantitative results are presented in Fig. 3 . These results revealed a significant increase (P < 0.01) in the mean values of the labelling indices and the density of grains over the labelled nuclei in PB-treated rats relative to those for the controls. The increase was respectively 69% and 38% in the labelling index and grain count. In rats which received PB plus melatonin, the number of labelled hepatocytes and the density of grains over the labelled nuclei were decreased relative to those for the PB-treated rats. Statistically, the reduction was significant (P < 0.01) by 38% and 29%, respectively. Again, melatonin by itself did not change the proliferative activity or the rate of DNA synthesis when compared to the control animals. The curves for the percentage of labelled mitoses and the duration of the cell cycle obtained from the hepatocytes of the control, PB and PB plus melatonintrated animals are shown in Fig. 4 and Tab. 1. The duration of the cell cycle in the hepatocytes of PB-treated animals was shorter than for the controls. Melatonin administration prolonged the cell cycle duration relative to that for the PB-treated rats. The melatonin group was not included in the cell cycle time calculations because there were no differences between the control and melatonin groups, as indicated in the previous parameters.
DISCUSSION
In response to PB, rodents display multiple changes that might contribute to the transient increase in hepatocellular proliferation, which, if not attenuated as occurs in normal hepatocytes, may contribute to tumor promotion. The multiplicity of changes make it difficult to delineate the critical initial interactions of PB in hepatocytes responsible for this response. It was previously shown that PB can enhance epidermal growth factor-induced S phase DNA synthesis in primary cultures of rat hepatocytes [34] . In this study, the levels of lipid peroxidation end products (MDA and 4-HDA) were significantly elevated by PB administration. Various studies have shown that reactive oxygen species have a role in the effects of PB [17, 25] . Imaoka et al. [16] found that PB induced lipid peroxidation via the production of hydroxyl radicals. Bock et al. [36] reported that PB is a strong inducer of cytochrome P450. The induction of the microsomal mixed function oxidase system including P450 and the subsequent increased production of oxygen intermediates may play a role in the toxicity associated with inducing agents. The increased lipid peroxidation levels after PB administration may play a role in the carcinogenic promotion of this reagent. The results of this study revealed a significant increase in the proliferative activity and the rate of DNA synthesis in the liver parenchyma (hepatocytes) after PB administration. There was also a remarkable shortening of the cell cycle in the hepatocytes of PB-treated animals. In agreement with this result, Murkofsky et al. [37] reported that PB treatment induced cell proliferation in the rat liver. A study by Kinoshita et al. [38] revealed correlative changes in oxidative stress, proliferation, apoptosis, and DNA damage and repair, which occur in the rat liver during continuous PB exposure. Kaufmann et al. examined the proliferative effects of PB in vitro using cultures of putative initiated hepatocytes [39] . They stated that when PB was present in the cultures, the hepatocytes exhibited a labelling index of about 50% by the third day, and this level of labelling was preserved for up to 2 weeks. By contrast, very few hepatocytes were found to synthesize DNA in the absence of PB. Arora et al. [40] found that oval cell proliferation and cholangiocellular lesions were produced in PB-treated rats. Weghorst and Klaung [41] reported that male mice exposed to PB exhibited an increased level of DNA synthesis in normal hepatocytes but not in preneoplastic foci. Female mice administered with PB demonstrated significant increases in the levels of DNA synthesis in both preneoplastic and normal hepatocytes relative to non-PB treated females and PB-treated males. Debiec-Rychter and Wang [42] reported that PB stimulated DNA synthesis and increased the labelling index, but did not induce hyperplasia in urothelial cells. In reference to the hypothesis that carcinogenesis or tumor promotion by xenobiotics may result at least in part from the increased cell turnover elicited by the chronic cytotoxicity of these chemicals, some authors suggested that PB induced cellular proliferation and DNA synthesis by increased cell turnover [41] [42] [43] . They reported that the increased cell turnover may be histopathological evidence of increased mitotic figures, regenerative hyperplasia and increased labelling indices with tritiated thymidine autoradiography. Many mitogenic, non-genotoxic chemicals may exert their carcinogenic effect in part by altering cell-cycle checkpoints [44] . Cell-cycle checkpoints function to maintain genomic integrity [45] . They act as surveillance systems capable of recognizing genetic alterations or situations that may lead to genetic damage. They are capable of inducing signals that allow the cell to respond appropriately to DNA damage. If this checkpoint function is lost, DNA repair systems may not have time to remove potentially mutagenic or clastogenic DNA lesions before they are fixed during DNA replication and mitosis [46] . Loss of checkpoint responses can, therefore, lead to genomic instability [47, 48] , which plays an integral role in neoplastic transformation [49] . Gonzales et al. [44] evaluated the ability of PB to abrogate the checkpoint responses to DNA damage in mouse hepatocytes. Lower G 1 /S ratios in cells treated with PB suggested that PB delayed and attenuated the G 1 checkpoint response to DNA damage. Thus, it is believed that the abrogation of checkpoint controls may play an important mechanistic role in shortening the cell cycle duration time obtained in this study. In this study, melatonin administration to PB-treated rats significantly reduced the levels of lipid peroxidation end products. The discovery that melatonin acts as a direct free radical scavenger [50] and as an indirect antioxidant via its stimulatory actions on antioxidative enzymes [29, 51] greatly increased interest in the use of this agent in the experimental and clinical setting. Its potential utility in humans is supported by its very low toxicity [24] , its availability in a pure form, and the fact that it is inexpensive. Melatonin activities that have been identified include its ability to directly neutralize a number of toxic reactants and stimulate antioxidative enzymes. Beyond its antioxidant activities, melatonin has been tested for and successfully used in other clinical situations. It was initially taken by transmeridian travelers to quell the severity of jet lag [52] , and thereafter became popular as a sleeppromoting agent [53] . Interest in its use in the suppression of growth of certain cancer types is supported by the experimental and clinical observations of a number of scientists [26, 27, 54] . In this study, melatonin administration to PB-treated animals significantly inhibited the proliferative activity and the kinetics of the DNA synthesis of the hepatocytes. Also, melatonin increased the duration of the cell cycle compared to PB-treated animals. Melatonin exerted a direct antiproliferative effect on MCF-7 human breast cancer cells in vitro [55] and on hepatocytes [27] . Persengiev and Kyurkchiev [56] reported that melatonin has a powerful inhibitory effect on lymphoid cell proliferation. Melatonin increases the population doubling time in cultures with a high proliferative rate, but does not modify the doubling time length of slowly proliferating cells, which is already slow [58] . In addition, it has long been known that proliferation and differentiation appear to have a reciprocal relationship [57] . A study by Crespo et al. [58] demonstrated that melatonin allows human breast cancer cells to achieve a greater differentiation, suggesting that this indoleamine delays the entry of MCF-7 cells into mitosis. The results for cell cycle duration in this study concur with those of Jayat and Ratinaud [59] , who reported that the duration of the S and G 2 phases are characteristic for particular cell types and usually do not show much intrapopulation variation. However, the duration of G 1 is extremely variable. Therefore, our results suggest that melatonin acts specifically in the cell cycle at G 0 /G 1 , increasing the length of this part of the cell cycle and, as a consequence, augmenting the fraction of cells in this phase of the cell cycle and delaying the entrance of cells into the S-phase. Cos et al. [60] suggested that melatonin could target the cell nucleus to control the cell proliferation by modulating cell cycle kinetics. Thus, it is known that melatonin delays the progression of the MCF-7 cells from G 0 /G 1 to the DNA synthesis phase of the cell cycle.
In conclusion, the PB-mediated generation of reactive oxygen substances and induction of oxidative stress may be responsible for lipid peroxidation, cellular proliferation, DNA synthesis and cell cycle time shortening. At the same time, the results support the hypothesis that melatonin antioxidative ability and the inhibitory effect of cellular proliferation could be mediated at the nuclear level through regulatory effects on DNA synthesis and cell cycle kinetics.
